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Abstract: Overconsumption of an unbalanced diet and overweight, leading to insulin resistance, dyslipidemia, 

hepatic steatosis, cardiovascular diseases and obesity, is nowadays a worldwide health issue, with different 

pa�erns of metabolic disturbances in the young and adult populations, in both gender. Preclinical models that 

closely mimic the gradual weight gain that occurs in humans upon consumption of a “western-type” diet (WD) 

are of great interest. In particular, the diet-induced obesity (DIO) model in the C57BL/6J mouse sub-strain is 

often used in biomedical research, considering that it is prone to metabolic disorders and obesity, and is widely 

used to generate genetically modified mice. This study aimed to phenotypically characterize the C57BL/6J 

mouse strain fed a WD-like diet, using high-frequency ultrasound imaging (HFUS) as a complementary tool 

to longitudinally monitor morphofunctional changes in the liver, heart and kidney associated with DIO. Long 

term WD feeding increased mice body weight (BW), liver/BW ratio and body condition score (BCS), serum 

transaminases, glucose and insulin, as well as Homeostasis model assessment (HOMA) indexes, and caused 

dyslipidemia and insulin resistance. According to the 3Rs, ultrasound imaging has enabled a comprehensive 

study of metabolic syndrome in mice, in vivo and non-invasive, improving the identification of early stages of 

diseases. 
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1. Introduction 

Overweight and obesity, leading to age-associated disorders such as insulin resistance, 

dyslipidemia, non-alcoholic fa�y liver disease (NAFLD) and cardiovascular diseases, have become a 

global health concern for the young and adult population, with gender-related differences.  

Consequently, preclinical models of obesity and metabolic syndrome are of great interest, 

particularly those that more closely resemble the gradual weight gain that occurs in western humans 

due to excessive calories consumption and unbalanced diets, leading to subtle obesity phenotypes.  

Diet-induced obesity (DIO) in the C57BL/6J mouse sub-strain has become a very common 

approach in both pathogenetic and therapeutic preclinical studies, since diet is clearly involved in the 

etiology of many chronic diseases, and this mouse sub-strain shows a high genetic predisposition to 

develop the metabolic disorders that are observed in obesity [1].  
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Furthermore, C57BL/6J mice are widely used to generate genetically modified animals, which 

could greatly help in understanding gene-disease interactions and reduce the translation gap 

between humans and animal models. In particular, differences between mouse sub-strain can 

influence the response to dietary manipulation, and the C57BL/6J strain from supplier Charles Rivers 

appears markedly prone to obesity induced by both high-fat diet (>60% energy from fat) and a 

“western-type” diet (~45% energy from fat associated to higher levels of sucrose as an increased 

carbohydrate component) [2]. Importantly, although sexual dimorphism has been demonstrated in 

mouse models of obesity, li�le data is available on the metabolic effects of DIO in female mice [1].  

The standardized maintenance diets (SD) for nutrition research are low-fat diets resulting in a 

lean, healthy phenotype in rodents, and are used as control diets for preclinical studies, avoiding a 

significant source of experimental variation. Diverse commercial diets used in DIO rodent models are 

higher in fat (30–78% of total energy intake from fat) or manipulated to resemble the Western human 

dietary pa�ern associated with metabolic chronic diseases. The typical American diet contains 

approximately 49%, 35%, and 16% of energy from carbohydrates, fat, and protein, respectively. 

Therefore, rodent diet commonly referred to as a “Western-type diet” (WD) more closely resemble a 

modern, high-energy dietary pa�ern from western countries responsible for the increased incidence 

of the human metabolic syndrome [1], compared to a range of diets under discussion, containing fats 

in concentration much higher than those usually consumed by humans [3].  

More recently, such diets have been enriched with various levels of simple sugars (sucrose, 

fructose) and of cholesterol to accelerate the progression of liver disease [4] and induce 

atherosclerosis. 

Overall, WD are able to induce obesity, hepatic steatosis and insulin resistance, fat deposition in 

peripheral tissues and dysregulated lipid metabolism in rodent models [5], providing more relevant 

physiologic insight to study human obesity [3]. Notably, non-alcoholic steato-hepatitis (NASH) is 

usually preceded by metabolic syndrome, characterized by the presence of at least three of the 

following criteria: abdominal obesity, high serum triglycerides, low high-density lipoprotein (HDL) 

cholesterol, high blood pressure, and hyperglycemia/insulin resistance. However, some metabolic 

differences compared to humans should be taken into consideration; for example, mice have high 

levels of HDL and low levels of low-density lipoprotein (LDL) and very low-density lipoprotein 

(VLDL). However, the C57BL/6 mouse strain has been shown to be very susceptible to developing 

atherosclerosis when fed with diets promoting an increase in VLDL [6]. 

Common study endpoints in DIO models are: body weight and composition; food intake and 

feeding efficiency; blood chemistry parameters for the evaluation of liver and kidney function, lipid 

and glucose metabolism, and insulin resistance; hepatomegaly (measured as percentual liver to body 

weight ratio); and histopathological alterations. In addition, High-frequency ultrasound imaging 

(HFUS) can be a useful complementary tool for studying in vivo and non-invasively the morpho-

functional changes of the heart, liver and kidney in such animal models. HFUS offers several 

possibilities for refinement in preclinical research; for example, it does not use ionizing radiation and 

allows the examination of different organs with minimal discomfort for mice. In addition, HFUS 

provides longitudinal and detailed information on disease progression, improving sensitivity and 

specificity in identifying early stages of the metabolic syndrome in rodent models [7,8]. By providing 

imaging data in the same mice over time, HFUS reduces the number of mice needed, avoiding 

sacrifice of cohorts of animals at different times, and improves statistical power compared to cross-

sectional studies, allowing each animal to be its own control. Finally, ultrasound imaging is an 

a�ractive diagnostic tool in the clinical field since it is relatively cheap compared to other imaging 

techniques and more easily available; also, it provides a good correlation with pathological findings. 

Therefore, ultrasonography is a relevant translatable imaging modality, which could improve the 

“bench-to-bedside” process, rapidly exploiting preclinical research findings into clinical research 

applications. Although the relatively low signal-to-noise ratio in ultrasound images represents a 

potential challenge in calculating image features compared to other imaging modalities, this is a 

rapidly evolving technology, and the development of advanced computerized image analysis 

methods will be crucial to improve diagnostic accuracy. 
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In particular, HFUS is a useful diagnostic tool for monitoring the progression of liver disease 

(i.e. steatosis) in laboratory rodents, with good agreement among US images, gross pathology, and 

histological sections. Ultrasound can noninvasively examine the internal architecture of the liver 

parenchyma and changes in liver echogenicity: indeed hepatic fat deposition causes increased 

echogenicity on ultrasonography owing to intracellular accumulation of lipid vesicles [9]. In this 

respect, ultrasonography has 84–95% specificity for detecting hepatic steatosis [10], and 90-91% 

sensitivity for the detection of moderate to marked steatosis. In addition to qualitative ultrasound 

assessment of changes in shape, size, echogenicity, and alterations in anatomical and echogenic 

relationships with neighboring organs, the extraction of quantitative features from medical images, 

known as “radiomics”, allows for more objective and comprehensive assessments of pathologies 

based on quantitative indices. Furthermore, ultrasound is a first-line imaging technique for the 

clinical management of cardio-renal metabolic diseases. 

Now, a�empts to calculate quantitative features from ultrasound images in the field of 

preclinical research have mainly been performed in the phenotypic evaluation of cancer mouse 

models [11–13]. However, the availability of reliable approaches to perform such characterization in 

rodent models of obesity-related metabolic alterations has recently a�racted a�ention. In general, 

NASH in mouse models appears less severe than in humans, with the advantage of showing 

pathological features of the early stages of the disease, making them useful for the development of 

new treatments aimed at early processes of NASH or the prevention of fibrosis [14]. 

The aim of this study was to perform phenotypic characterization of the C57BL/6J mouse strain 

as a DIO model paradigm, using HFUS for longitudinal evaluation of the morpho-functional changes 

of the liver, heart and kidney. In particular, the present work analyzed hepatic disease in its earlier 

stages using an experimental model induced by the administration of a diet that mimics Western 

human diet. 

2. Materials and Methods 

Compliance with Ethical Standards  

All experimental procedures complied with the European Communities Council directives 

(2010/63/EU) and national regulations (D.L. 26/2014) and were performed in accordance with 

National Institutes of Health (NIH) recommendations. The present study was approved by the 

Animal Welfare Board (AWB) of the Fondazione Toscana Life Sciences (FTLS) and by the Italian 

Ministry of Health (authorization number 175/2021-03-03 and 175/2023-02-17). All efforts were made 

to minimize the number of animals used to produce reliable results and their suffering. The Animal 

Research: Reporting of In Vivo Experiments (ARRIVE) guidelines were followed for the replacement, 

refinement, and reduction of animals as closely as possible. All the study data are maintained and 

available on request from the corresponding author. 

Study Design and Animals 

C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) via Charles River 

(Calco, LC, Italy) at 7 weeks of age. Mice were socially housed in group of up to 4 mice per cage as 

individual housing could influence parameters assessed on energy balance in metabolic murine 

models, under standard conditions (12-hour light cycle, ambient temperature of 20-23°C), and free 

access to food and water [15]. After 7 days of acclimation, the animals were marked for identification. 

For practical reasons, we divided the 32 experimental animals into 2 cohorts subsequently tested as 

diet-groups (WD; SD), each containing 16 mice and divided into 2 sets based on sex (8 males and 8 

females), examined simultaneously. Experimental sets of mixed sexes are not recommended for 

studies of energy balance due to sex-differences in adipose tissue depots, inflammatory cytokines, 

blood lipid profile, and insulin activity [16], while it is suggested that male and female animals be 

studied separately [17].  

Mice in the DIO group were switched from the standard diet [SD: 3% fat, 4RF21, Mucedola®, 

Italy; Kcal 18.5% from protein; 3% from fat; 53.5% carbohydrates (3% sucrose); kcal/g 3.150] to a lipid-

rich diet [WD: 0.2% cholesterol and 21% bu�er, Western U8958 version 35, SAFE®, France; Kcal 14,4% 
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from protein; 38.1% from fat; 47% carbohydrates (33% sucrose); kcal/g 4.2594] starting from 8 up to 

24 weeks of age. The WD was stored at 4°C and replaced once per week to avoid lipid peroxidation. 

The feeding period of 17 weeks were selected based on the literatures considering findings in mice 

fed a high fat diet [18,19]. All WD-fed mice appeared healthy and active throughout the diet 

intervention period, and no mouse had to be euthanized before 17 weeks of feeding. 

Mice in the control group were fed SD from weaning until 24 weeks of age. In control group, one 

male mouse with severe dental malocclusion leading to malnutrition and weight loss was excluded 

from the study at 16 weeks of age, as it was not suitable to ongoing laboratory experiments. This 

mouse was euthanized, and data obtained from it were excluded from the analysis. Body weight and 

food consumption were monitored twice per week over a 17-week period using a precision balance 

reading to the nearest 0.1 gram, in order to exclude any subject with significant weight loss; mice 

were weighted immediately after food replenishment [20]. Food pellets were weighted twice per 

week and the amount of food left in the cages was subtracted from the initially recorded amount. 

Any large piece of uneaten food found in the cage were also subtracted from the original value and 

recorded again to maintain maximum precision. Pellets smaller than approximately 5 mm were 

removed [20]. For each mouse, average daily food intake (g) per week was calculated. According to 

NIH-MMPCs guidelines, we calculated the body weight (BW) change (g) from the initial body weight 

measurements to analyze the overall effect of diet on BW [17]. Furthermore, the Body Condition Score 

(BCS) was monitored at relevant time points (every 8 weeks) over a 17-week period, as recommended, 

since variations in food intake and body weight of rodents can occur in different context like obesity 

or accelerated growth [21,22]. Food intake of mice was analyzed as the daily amount of food (g) 

consumed by single mouse for each experimental week. To evaluate changes in metabolism according 

to food intake, the food efficiency ratio (FER) was monitored weekly as the (total weight gain / total 

food intake) × 100. Key data were analyzed separately by sex, as recommended, due to a difference 

in their energy balance, in body composition and in body fat distribution related to hormonal 

influence, like in humans [17]. Stress was minimized by assigning responsibility for animal handling 

to a single, experienced DVM technologist throughout the study. This is suggested as key issue when 

designing study protocols, since stress per se influences all aspects of energy homeostasis including 

food intake, energy expenditure, locomotor activity and body composition [17]. Experimental 

blinding was not achieved because the sole experimenter and sonographer inevitably knew the 

housing condition and the dietary regimen of each mouse. 

Biochemical Analysis 

Since several methodological parameters (fasted/feed state; route of blood sampling; 

anticoagulants; circadian rhythm, restrain method, etc.) can influence blood chemistry results, sample 

collection time of day, feeding state, route and vessels for blood collection were standardized as best 

practices throughout a study. At 8 weeks of age (before the start of WD in the DIO group) and at 16 

weeks of age (after 8 weeks of WD), whole blood was directly collected in K3-EDTA vials (100 

µl/mouse, at 8:00-9:00 AM) by facial vein puncture, under 3 % isoflurane + 2Lt/min oxygen anesthesia 

(40-60 seconds) consistent with current veterinary recommendations [23,24]. Non-fasting values of 

glucose, cholesterol and triglycerides were measured (Multicare IN, Biochemical System 

International), and hyperglycemia was monitored as non-fasting blood glucose ≥250 mg/dL [25,26].   

At 24 weeks of age, mice were fasted 3 hours at 8:00-11:00 AM and blood was collected prior to 

euthanasia under 3% isoflurane + 2Lt/min oxygen anesthesia by cardiac puncture (40-60 seconds) 

[27]. Blood samples were centrifuged at 3500 rpm for 15 min to obtain sera, which were immediately 

frozen (-20 °C). Serum alanine aminotransferase (ALT), aspartate transaminase (AST), cholesterol, 

triglycerides, glucose, and blood urea nitrogen (BUN) results were provided by the laboratories of a 

research organization  (IZSLT, Rome, Italy; Galileo Research, Pisa, Italy) accredited by the Italian 

Ministry of Health to carry out studies on rodents for research purposes. In addition, fasted serum 

insulin was determined using Mercodia ultrasensitive mouse insulin ELISA kit. The insulin ELISA 

protocol is adopted from the manufacturer’s instruction. Insulin units were converted from ng/ml to 

pmol/l by multiplying by 172.18, and subsequently to µIU/ml by dividing by a conversion factor of 
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6. Measured blood glucose was converted from mg/dl to mmol/l by multiplying by 0.0555. HOMA-

IR was calculated multiplying insulin (µIU/ml) by glucose (mmol/l) and dividing by 22.5. The 

translational calculation of HOMA-IR adjusted to murine species was adopted from Fraulob e al 

(2010) [28] and conversion factor of insulin was derived from Knopp et al (2019) [29]. Alternatively, 

insulin sensitivity was assessed by using homeostasis model assessment-2 (HOMA2) index using 

online-based calculator version 2.2.3 on the Diabetes Trials Unit of the University of Oxford website 

[30], providing values for insulin resistance (HOMA-IR), steady-state β-cell function (HOMA-%B), 

and insulin sensitivity (HOMA-%S) [31]. Since the reference ranges of most analytes differ 

significantly with respect to the gender and age of animals, the metabolic changes of blood chemistry 

parameters in C57BL/6J have been evaluated against gender- and age-dependent reference intervals 

[32–34].  

Ultrasound Imaging 

Ultrasound images at 8 weeks of age (before WD starting in DIO group), and at 16 and 24 weeks 

of age (after 8 and 17 weeks of WD in DIO group) were acquired and analyzed by an experienced 

veterinary operator, using a high-frequency ultrasound unit (VisualSonics 2100, Toronto, Ontario, 

Canada) equipped with MS550 Blue Transducer probe (central frequency 40 MHz; focal length 6 mm; 

depth of penetration 5 -15 mm; 30–40 µm axial and 70–90 µm lateral resolution), and using the Vevo 

Lab software (version 3.0.0). Mice were not fasted before imaging, to minimize animal discomfort 

and avoid fasting-induced changes in body weight, metabolism, hepatic enzymes, and cardiovascular 

parameters [35]. During imaging sessions, mice were kept under inhalant anesthesia (induction 

chamber with 4% isoflurane plus 2 Lt/min oxygen; maintenance with nose cone using the lowest 

possible dose of isoflurane in the range of 1.5-1.8%) on a heated platform. Such isoflurane 

concentrations produce stable body temperature, mean arterial pressure (MAP) and heart rate (HR) 

values in C57BL/6 mice, comparable to those observed in awake animals, so they are recommended 

for studies of cardiac function and cardiovascular imaging [36]. Body temperature was monitored 

using a rectal probe and kept in a physiological interval by an infrared lamp. Induction of anesthesia 

and stabilization of heart rate were performed in approximately 10 minutes before the start of the 

echocardiographic examination [37]. Approximately 5 minutes of this time-interval was useful for 

performing trichotomy of the thorax and abdomen of mice before each imaging session, by applying 

depilatory cream on the skin and subsequently removing it with paper towel moistened with water. 

In that way, experimental procedure was refined to prevent handling stress and health risks resulting 

from ingestion of approved depilatory creams during normal grooming behavior [38]. Next, mice 

were symmetrically positioned in dorsal recumbency, an ultrasound coupling gel was applied to the 

depilated skin, and the animal's limbs were coated with conductive paste and taped to four 

electrocardiogram (ECG) electrodes incorporated in the platform for the measurement of heart rate, 

ECG and respiratory rate. Conventional echocardiography was performed in anesthetized mice as 

described before, taking no more than 10 minutes per mouse. To be consistent between animals and 

images, we stored optimized acquisition se�ings on the instrument. All B mode ultrasound images 

were acquired under the same data capture se�ings (frequency = 40 MHz, frame rate = 20 images/s, 

gain = 30 dB, depth = 11 mm, width = 13.00 mm, dynamic range = 60 dB, line density: high, sensitivity 

= high) for each mouse. The time-gain compensation was set to adjust the tissue echogenicity as 

constant as possible regardless of the depth, and the transmit power was set at 100%. Two-

dimensional echocardiography B-mode loops were acquired through the chest wall in single-plane 

parasternal long-axis (LAX), then rotating the probe 90° clockwise in short axis (SAX), and 

subsequently analyzed offline. The conventional echocardiography was applied on experimental 

mice to fully visualize the anatomical structures and wall movements. In LAX the following 

measurements were performed: the thickness of the interventricular septum (IVS) or the left ventricle 

anterior wall (LVAW) (this will depend on the imaging plane and rotation of the heart in the thoracic 

cavity), the left ventricular interior diameter (LVID), the left ventricle posterior wall (LVPW). End-

diastolic and end-systolic measurements were obtained at the time of maximal internal chamber 
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dimensions and at the minimal internal chamber dimensions and were measured for at least three 

heartbeats to calculate an average value [39–41].  

These measurements were used to calculate EF (ejection fraction), FS (fractional shortening), LV 

Mass, LV volume in systole and diastole according the following formulas:  

EF (%): 100 * ((LV Vol;d – LV Vol;s) / LV Vol;d) [is a measurement, expressed as a percentage, of 

how much blood the left ventricle pumps out with each contraction] 

FS (%): 100 * ((LVID;d – LVID;s) / LVID;d) [is a measurement, expressed as a percentage, of the 

reduction of the length of the end-diastolic diameter that occurs by the end of systole] 

LV mass corr (g): 1.053 * [(LVID;d + LVPW;d + IVS;d)3 – LVID;d3 ] *0.8  

Note: myocardial density is approximately 1.053 g/mL; LV Mass Corrected multiplies the LV 

mass value by 0.8 to "correct" for an overestimation of LV mass, according to manufacturer 

instructions [42].  

LV vol;d (µl ) [(7.0 / (2.4 + LVID;d)] * LVID;d3  

LV vol;s (µl ) [(7.0 / (2.4 + LVID;s)] * LVID;s3  

SV (stroke volume) and CO (cardiac output) were calculated according the following formulas:  

LV SV [Stroke volume, µl]: (LV Vol, d- LV Vol, s) [is the volume of blood pumped out of the 

left ventricle of the heart during each systolic cardiac contraction]. 

LV CO [Cardiac output, ml/minute]: (SV × HR)/1000 [is the amount of blood the heart 

pumps through the circulatory system in a minute]. 

To estimate LV geometric remodeling using an index less vulnerable to variability related to 

body morphometry, relative wall thickness (RWT, the ratio of wall thickness to cavity diameter) was 

measured as septal wall thickness + posterior wall thickness divided by LV diastolic diameter [(SWTd 

+ PWTd)/LVEDD)] [43,44].  

A generally accepted assumption is that a mammal’s heart weight scales linearly to its BW and 

that cardiac growth also scales proportionally to body growth. In animal experiments, BW or tibia 

length are generally recommended to index cardiac measures [43,45]. The choice of either BW or TL 

depends on the disease model under study and the research question that is being addressed. For 

example, the disease under study might affect BW, such as heart failure by cachexia or fluid retention, 

while in the case of obese animals, some degree of cardiac hypertrophy is considered normal for their 

body composition, and subsequently the measure of choice to index by would be BW. Notably, 1-D 

measures (diameter) were normalized by BW1/3 and 3-D measures (volume/mass) were normalized 

by BW to avoid biases related to BW changes [45]. Next, liver images were acquired by two-

dimensional (B-mode) imaging through the ventral body wall in transversal and longitudinal planes, 

and subsequently analyzed offline. Four to six B-mode cine-loops imaging the left and right lobes of 

the liver and at the caudate lobe-right kidney interface were acquired in sagi�al and axial imaging 

planes. To be consistent between animals and images, we stored optimized acquisition se�ings on 

the instrument. All B mode ultrasound images were acquired under the same data capture se�ings 

(frequency = 40 MHz, frame rate = 16 images/s, gain = 30 dB, depth = 11 mm, width = 13.00 mm, 

dynamic range = 60 dB, sensitivity = high) for each mouse. The time-gain compensation was set to 

adjust the tissue echogenicity as constant as possible regardless of the depth, and the transmit power 

was set at 100%. The liver parenchyma was examined for echogenicity, echostructure, presence or 

absence of nodules, and border definition. B-mode images (256 grayscale values) were selected at the 

tele-expiratory phase to reduce at minimum artefacts related to respiratory motion, as well as 

shadowing artefacts related to bone or intestinal gas. 

The detection and grading of hepatic steatosis by visual inspection and parametric evaluation of 

liver were performed according to previously validated protocols in humans and already applied to 

mouse models as marker for steatosis:  

 US visual grading [7,46,47]: Left lobe, anterior and posterior portions of the right lobe, left and 

right portions of the medial lobe and caudate lobes of the liver could be identified during US 

sessions. The following parameter were evaluated on liver images: 

 Echostructure – score 1: homogenous liver parenchyma and regular hepatic surface; score 2 

(mild steatosis): diffuse parenchymal mild heterogeneity, reduced visualization of the 
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diaphragm and small peripheral vessels with no change on liver surface; score 3 (moderate 

steatosis): discrete coarse and heterogeneous parenchymal echogenicity, do�ed or slightly 

irregular liver surface; score 4 (severe steatosis): extensive coarse and heterogeneous 

parenchymal echostructure, marked echogenicity, irregular or nodular hepatic surface with 

underlying regenerative nodules, obscured diaphragm and reduced visibility of kidney. 

 Echogenicity (relative to the renal cortex) – score 0: liver less echogenic than the renal cortex; 

score 1: hepatic echogenicity equal to the renal cortex; score 2: liver more echogenic than the 

renal cortex. 

 Presence of ascites – score 0: absent; score1: present. 

 Parametric analysis: The hepatic parenchyma is less echogenic than the right renal cortex in the 

great majority of rodents, a finding that contrasts with humans [48]. The hepatic echogenicity 

increases due to the presence of fa�y infiltration and/or fibrosis, changing the relation between 

liver and right renal cortex [9].  

 hepatic-renal ratio (HR): This measurement is based on the hypothesis that a higher liver fat 

content causes an increase in US liver echogenicity. Longitudinal view was acquired in order to 

have both the liver (caudate lobe) and the right kidney clearly visualized. Liver echogenicity was 

compared with that of the renal parenchyma, to normalize differences in the overall US gain 

value used for the acquisitions. Two regions of interest (ROI, (0.1±0.02 mm2) were manually 

drawn: the first one was placed in the liver parenchyma avoiding focal hypo and 

hyperechogenicity; the second was positioned in correspondence with a portion of the renal 

cortex devoid of large vessels, along the focusing area of the image, at the same distance from 

the probe and along the focus area of the image to avoid distorting effects in ultrasonic wave 

pa�erns. HR values were obtained dividing the mean grey level of the hepatic ROI for that 

obtained for the renal one (Pixel intensity = average intensity/mm2 [a.u.]) [7,46].  

 hepatic-portal vein ratio (HPV): Similarly to HR, liver echogenicity was normalized for that 

correspondent to the blood within the portal vein. The evaluation of this parameter requires the 

acquisition of US images in order to correctly visualized a portion of the portal vein in the center 

of the liver. Two ROIs (0.1±0.02 mm2) were manually drawn: the first one was positioned within 

the portal vein lumen, while the second was placed at the same depth to keep the ultrasound 

a�enuation comparable of the liver parenchyma, avoiding focal hypo and hyperechogenicity. 

To avoid effects related to borderline echo distortion, the two ROIs were placed as close as 

possible to the center of the image [7,46].  

 gray-level histogram analysis of echogenicity (GLH): liver images at different scanning planes 

(left lateral lobe, longitudinal; caudate lobe, longitudinal; right median lobe, axial.) were 

analyzed using a gray-level histogram to obtain the quantitative mean and standard deviation 

values of echogenicity of each spatial region. Anatomical landmarks (greater curvature of 

stomach; cranial pole of the right kidney; porta hepatis, at the level which aorta, portal vein, 

caudal vena cava are visible in cross-section) were chosen to scan imaging planes reproducible. 

ROIs (1±0.02 mm2) were manually drawn in the liver parenchyma avoiding focal hypo and 

hyperechogenicity as close as possible in the center of the image, providing objective values of 

echointensity and echotexture. This approach is useful to include more representative parts of 

the hepatic parenchyma and avoid errors due to image artifacts, with good intra-observer 

reproducibility [49]. Changes in brightness and variance of the liver parenchyma were reported 

as: i) mean echogenicity of different lobes; ìì) standard deviation of brightness within ROI 

encompassing right median lobe as measure of tissue heterogeneity; ììì) standard deviation of 

brightness among ROIs in all planes imaged as measure of anisotropy [49,50].  

 portal vein (PV) diameter: the evaluation of portal hypertension, through the measurement of 

the portal vein widening, is a recognized marker to non-invasively assess the severity of liver 

diseases [47,48].  

Furthermore, kidney alterations as consequence of the WD have been investigated through the 

complementary use of blood chemistry and ultrasound morpho-functional evaluation. Since a good 

correlation of some ultrasonographic features with renal function have been demonstrated, cortical 
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echogenicity and cortical thickness normalized for BW (CRT/BW) were calculated [51,52]. The renal 

cortical thickness was measured in the sagi�al plane at the level of the mid kidney over a medullary 

pyramid, perpendicular to the capsule as was the distance from corticomedullary junction to the renal 

capsule [51].  In addition, renal pulsatility index (PI) and resistive index (RI) were measured as 

reliable and repeatable functional measurements of arterial resistance and compliance. These 

parameters allow to assess pathological changes in renal hemodynamic, including the early stages of 

diabetic nephropathy, both in clinical fields and animal research [53–56]. Moreover, variation in PI 

and RI may be related to systemic hemodynamic changes, such as heart rate, blood pressure and 

cardiac output [57].  

Several studies have shown that a normal RI value in adults is in the range of 0.47–0.70 with 

differences of less than 5-8% between the two kidneys; in general, most sonographers consider 0.70 

to be the upper threshold of the normal RI [58–60]. Since the RI value is the ratio of velocities, instead 

of absolute value, it is stable and unbiased parameters for flow analysis. In literature, RI value for 24 

weeks old C57Bl/6 male mice fed standard chow are reported approximately around 0.5 ± 0.15, while 

PI value for the same mouse model at 21 weeks of age was 1.18±0.19 (ultrasound examination 

performed under anesthetic regimen similar to that used in our experiments which and known to be 

hemodynamically neutral) [53,61]. In all 24-weeks old mice, the right kidney was identified in the B-

mode longitudinal plane image with the same acquisition se�ing used for the liver, and the maximum 

longitudinal plane was evaluated, focusing on the renal papilla in the center of the organ. Color-

Doppler images of the renal vascular tree were used to identify an interlobar artery and guide the 

positioning of sample volume in correspondence of an intrarenal segmental artery, to measure the 

blood flow by Pulse Wave (PW) Doppler mode with a PRF (pulse repetition frequency) of 9-10 kHz. 

On the PW spectrum, the peak systolic velocity (PSV), the End-Diastolic Velocity (EDV) and the 

velocity time integral (VTI) were calculated over an average of three to four cardiac cycles. Mean 

velocity (MV) was obtained by semi-automatically tracing the envelope of the flow signal 

corresponding to a single cardiac cycle. Based on these measurements, the RI was calculated as 

following: RI = (PSV – EDV) / PSV [54,62], while the PI was assessed as (PSV-EDV)/MV [61]. After the 

imaging sessions, mice were allowed to recover completely in a heated cage, and monitored for signs 

of pain or discomfort. 

Histological Examination  

Liver was weighted and then samples of the organs of interest were formalin-fixed and 

embedded in paraffin as previously described [64]. Briefly, samples were formalin-fixed for 24h, 

dehydrated and embedded in paraffin. Seven µm sections were cut from each paraffin block and 

stained with hematoxylin and eosin (H&E) for morphological evaluation. Periodic Acid-Schiff (PAS) 

and Masson’s trichrome staining were used to assess glycogen and collagen content, respectively. 

Two unblinded examiners, including an anatomical pathologist and a veterinarian with competencies 

in animal pathology (VB and SG) reviewed histological sections and performed the histopathological 

evaluation using a Nikon Eclipse E600 light microscope equipped with a digital camera. The 

morphometric analysis was done using Nis element v3AR software (Nikon Instruments, NY, U.S.A). 

Steatosis and inflammation were assessed on H&E-stained slide. At least five microscopic fields per 

section (400X magnification) and three section per animal were examined, including at least two 

different hepatic lobes; microscopic fields including hepatic venules and portal tracts were excluded. 

The pathological grades of fa�y liver disease in each mouse were determined by the NAFLD 

preclinical scoring system [65], a validated histological score adapted in rodents from the human 

NASH–Cancer Research Network scoring system [63]. This simplified score comprises 4 histological 

features which are evaluated semi-quantitatively: steatosis: macrovescicular (score 0-3), 

microvescicular (score 0-3), hypertrophy (score 0-3); inflammation (score 0-3). A global NAFLD 

activity score (NAS) was defined as the unweighted sum of the scores for steatosis, hypertrophy and 

inflammation, thus ranging from 0 to 9. In addition, the presence and extent of fibrosis was evaluated 

for NAFLD staging [65]. Changes from normal hepatocyte morphology were classified as borderline 

lesions accordingly steatosis, activity, fibrosis (SAF) scoring system [66] and differential diagnosis 
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were made from glycogen accumulation [67]. Histological analysis of renal structural changes was 

performed on H&E and PAS-stained sections on 20 glomeruli per mouse throughout the cortex, using 

a simplified scoring system according to that previously described in laboratory rodents [68]. In 

particular, the presence of morphological alterations of the glomerular areas was examined by two 

unblinded anatomists, with a semi-quantitative score as follows: score 0: none or <30% of glomeruli 

altered; score 1: >30 - <70 % of glomeruli altered; score 2: >70% of glomeruli altered. 

Statistical Analysis 

In this experimental protocol, we examined the effects of SD and WD in C57Bl/6J WT mice for 

future comparison with genetically modified mice, C57Bl/6J genetic background. Experimental group 

included 7-8 mice (n=7-8). The sample size was calculated a priori, based on relevant data from 

scientific literature [69] in order to obtain statistically significant results for differences of at least 30% 

(Reference mean = 100; Test mean = 70) between the averages of the measurements carried out for the 

various parameters examined. A power of 80%, an expected variability of 20% (Standard deviation = 

20) and a significance level of 5% (P≤0.05) were considered. Further statistical analyses were 

performed using GraphPad Prism software version 8.0 (GraphPad Software, Inc., San Diego, CA). 

Since the distribution of the data was unknown, variables were analyzed by use of nonparametric 

tests were appropriate. The t test/Mann-Whitney test was used to compare differences in 

experimental outcomes between sex-and age- matched control and DIO groups. Repeated measures 

– One-way ANOVA/Wilcoxon test was used to detect differences in experimental outcomes over time 

(8, 16, 24 weeks of age) in the same group. Repeated measures – Two-way ANOVA-Mixed effect 

model followed by Sidak’s multiple comparison post-hoc test was used where appropriate, to 

compare group differences within time-points of interest. Statistical significance was set at P < 0.05. 

Extreme values of the biochemical analysis of a 24-week-old male mouse in the SD group were 

excluded from the statistical calculations, and insulin sensitivity data were lost for one male mouse 

in WD group for insufficient sample quantity. Pearson correlations (one-tailed) were performed 

between the semi-quantitative and ordinal data of the NAS scoring system and the US visual grading, 

as well as the numerical values of the parametric ultrasound analyses. 

3. Results 

3.1. General Health-Behavioral Status 

All WD-fed mice appeared healthy and active throughout the dietary intervention period and 

none of them exhibited signs of adverse health and had to be euthanized before experimental 

endpoint. Specifically, we did not observe sudden decrease in body weights (10 grams over 7 days), 

and/or abnormal changes in fur and skin integrity (i.e., focal hair loss and ulcerative dermatitis) 

previously reported in wild-type or transgenic C57Bl/6J mice under high fat /cholesterol diet [70–72]. 

As observational evidence, male mice were progressively less active compared to female. Mainly 

female mice exhibited “food grinding” behavior [73,74]. Therefore, any large piece of uneaten food 

found in the cage (that had fallen through the hopper bars) were returned to the hopper, orts 

production was measured as the mean amount fragmented (g/mouse/day) and the mass of food 

missing from the hopper was recorded. 

3.2. Growth Metrics  

Measurements of weight and body condition recorded throughout the study revealed significant 

changes to the physical state of mice in response to Western-style regimen. Baseline BW (g) was not 

different between male SD and male WD groups (Mann-Whitney test, p=0.7587). However, male WD 

group showed a trend in greater mean BW (g) than male SD group starting from 11 weeks of age 

until endpoint, and ANOVA showed statistical significance between 13 and 15 weeks of age [F (16, 

208) = 5.978; p<0.0001; Sidak’s test p<0.05] (Figure 1 A). Female SD group was significantly heavier 

than female WD group at 8 weeks of age before starting the dietary intervention (Mann-Whitney test, 

p = 0.0005). However, female WD group showed a trend in greater mean BW (g) than female SD 

group starting from 19 weeks of age until endpoint, even if ANOVA confirmed statistical significance 
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only at 8 weeks of age [single main effect: diet intervention F (1, 14) = 0.08653; p<0.7730; Sidak’s test 

p<0.05] (Figure 1 B). Nevertheless, BW of all females was within the strain- and age-specific normal 

range provided by supplier [34,75] and derived by literature [76] at each experimental point. For that 

reason, BW gain (g) from baseline was correctly used for comparisons [77]. As shown in Figure 1 C 

and D, high fat/carbohydrate feeding resulted in increased rates of body weight gain in both male 

and female mice, respectively. In male mice, ANOVA demonstrated significant effects of age [F (2.188, 

28.45) = 121.2, p<0.0001] and diet intervention [F (1, 13) = 15.03, p<0.0001] on BW gain (g), as well as a 

significant interaction between age and diets [F (16, 208) = 7.182, p<0.0001]. Overall, WD resulted in a 

greater increase in body weight of male mice, which was statistically significant from 12 to 15 weeks 

of age (Sidak’s test p<0.01). Similar results of ANOVA were obtained in female mice, showing a 

significant effect of age [F (3.235, 45.29) = 92.79, p<0.0001] and diet intervention [F (1, 14) = 11.43, 

p<0.0001] on BW gain (g), and a significant interaction between age and diets during experiment [F 

(16, 224) = 5.217 p<0.0001]. Indeed, female mice gained a greater amount of body weight in response 

to a 17-wk exposure to WD, which was statistically significant from 9 to 10 weeks of age and at the 

endpoint (Sidak’s test p<0.05). 

 

Figure 1. Effects of diet on BW. C57Bl/6J mice of WD groups had access to high-fat diets at 8 weeks of 

age for a 17-week period. Body weight (g) in male (A) and female (B) mice were measured weekly. 

BW gain (g) relative to initial body weight value in male (C) and female (D) mice were calculated per 

experimental week. Values are reported as mean ± standard deviation. Data were compared using 

repeated measures – two-way ANOVA-Mixed effect model followed by Sidak’s multiple comparison 

post-hoc test. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 July 2024                   doi:10.20944/preprints202407.0987.v1

https://doi.org/10.20944/preprints202407.0987.v1


 11 

 

In this study, the WD intervention produced a significant increase in BCS only in C57BL/6J males 

compared with SD-fed mice at 16 and 24 weeks of age [single main effect: age F (1.000, 14.00) = 73.00; 

diet intervention F (1, 14) = 289.0; interaction effect: F (2, 28) = 73.00; p=0.0001; Sidak’s test p<0.05] 

[Figure 2 A, B]. This finding was consistent with visual evidence of increased subcutaneous, 

abdominal and gonadal adipose tissue depots, as well as “fa�y liver” appearance at necropsy of 

rodents [78], despite no significant difference in BW gain compared to counterpart at these 

experimental points, suggesting sex-dependent differences in fat distribution pa�ern [Figure 2 C, D]. 

 

Figure 2. Effects of diet on body composition. BCS in male (A) and female (B) mice were measured 

every 8 weeks, starting from 8 weeks of age (onset of high-fat diets for 17 weeks). Visual evidence of 

a relationship between BCS and body adiposity in SD- and WD- fed male mice at 24 weeks of age is 

shown in representative photographs: yellow lines highlight a rounded contour at the junction of the 

costal arch and upper part of the abdomen, scapular area, flank region, and lower abdomen profiles 

as anatomical landmarks likely due to enhanced subcutaneous and visceral white adipose tissue (C); 

intra-abdominal fat is increased, and liver shows a macroscopically pale and “fa�y” appearance (D) 

in response to 17-weeks WD. Values are reported as mean ± standard deviation. Data were compared 

using repeated measures two-way ANOVA-Mixed effect model followed by Sidak’s multiple 

comparison post-hoc test. 

At 24 weeks of age, the liver weight (g) was not significantly different between SD- and WD-fed 

groups [Figure 3 A, B], but the ratio of liver weight to body weight (%) [Figure 3 C, D] were 

significantly higher in the WD-fed males and females compared to the control groups (Mann-

Whitney test, p=0.0289 and p=0.0379, respectively). 
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Figure 3. Effects of diet on liver. Comparisons between livers from SD- and WD-fed mice. Liver 

weight (g) [Figure 3 A, B] and Liver weight/ BW ratio (%) [Figure 3 C, D] were calculated at 24 weeks 

of age. Values are mean ± standard deviation. Data were compared using Mann-Whitney test (p<0.05). 

Macroscopic appearance of the liver at autopsy: representative photos of the excised liver in a male 

SD-fed and a WD-fed mouse [Figure 3 E, F, respectively]: liver shows a pale color and rounded 

margins in response to 17-weeks WD. 

3.3. Feeding Behavior 

Overall, mice of both sexes showed a change in food intake in response to WD, and the dietary 

regimen exerted effects on feeding pa�ern in an age- and sex-specific manner, as shown in Figure 4. 

In male mice, ANOVA demonstrated significant effects of age [F (1.826, 23.73) = 15.27, p<0.0001] and 

diet intervention [F (1, 13) = 132.5, p<0.0001] on food intake (g), as well as a significant interaction 

between age and diets [F (16, 208) = 35.31, p<0.0001]. Male WD group displayed a variable trend of 

food intake from 8 to 16 weeks of age and significantly greater values at 8 and 12 weeks of age 

compared to male SD group, while the male WD group ate significantly less than SD males from 16 

to 24 weeks of age (Sidak’s test p<0.0001). In female mice, ANOVA showed a non-significant effect of 

dietary intervention on food intake [F (1, 14)=1.754; p<0.2066]. Nevertheless, a significant effect of age 

[F (1.348, 18.87) = 24.31; p<0.0001] and a significant interaction between age and diets [F (16, 224) = 

24.31, p<0.0001] were reported. Overall, female WD mice ate significantly more than the sex-matched 

control group from 8 to 12 weeks of age, and the trend subsequently reversed, eating significantly 

less than their counterpart at 16 and 18 weeks of age (Sidak’s test p<0.0001), with a pa�ern similar to 
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what was described in males [Figure 4 A, B]. Assuming that WD had a higher caloric density than 

SD, ANOVA demonstrated significant effects of age [F (2.047, 26.62) = 22.18, p<0.0001] and diet 

intervention [F (1, 13) = 279.6, p<0.0001] on caloric intake (kcal/day), as well as a significant interaction 

between age and diets [F (16, 208) = 46.17, p<0.0001] in male mice. Male WD group initially showed 

increased calorie intake than male SD group from 8 to 17 weeks of age, reaching statistical significance 

at different time points. Thereafter, the trend significantly reversed (Sidak’s test p<0.0001) and finally 

male WD and SD groups were nearly isocaloric from 21 to 24 weeks of age. In female mice, ANOVA 

demonstrated significant effects of diet intervention [F (1, 14) = 70.44, p<0.0001] and a significant 

interaction between age and diets [F (16, 224) = 26.79, p<0.0001] on caloric intake (kcal/day). Female 

WD group showed a significantly higher caloric intake than the female SD group from 8 to 16 weeks 

of age but, unlike males, the trend never reversed and the isocaloric phase was reached at 22 weeks 

of age (Sidak’s test p<0.05-p<0.0001) [Figure 4 C, D]. In male mice, ANOVA showed significant effects 

of age [F (2.013, 26.16) = 96.11, p<0.0001] and diet intervention [F (1, 13) = 10.27, p<0.0001] on FER, as 

well as a significant interaction between age and diets [F (16, 208) = 10.67, p<0.0001]. Male WD group 

displayed a greater FER than male SD group from 13 weeks of age, with statistically significant 

different values at 14 and from 18 to 20 weeks of age (Sidak’s test p<0.05). In female mice, ANOVA 

did not show a significant effect of dietary intervention on FER [F (1, 14) = 2.316 p<0.1503]. Although 

a significant effect of age [F (2.276, 31.86) = 60.16; p<0.0001] and a significant interaction between age 

and diets [F (16, 224) = 5.894, p<0.0001] were observed, FER was not significantly different between 

WD mice and the sex-matched control group at any time-point (Sidak’s test p>0.05) [Figure 4 E, F]. 

Overall, the tendency for greater body weight gain during WD could be explained by a temporary 

hyperphagic phase observed within the first 10 week of high fat/sucrose diet regimen in WD-fed 

mice. WD-fed C57Bl/6J mice showed an initial phase of food/caloric overconsumption (first half of 

the dietary intervention period) followed by a normalization phase. However, a significant difference 

in FER was found in the last experimental weeks only between male WD- and SD- fed mice when 

male WD group developed an overweight phenotype, even though it ate less than male SD-fed mice 

and consumed an equivalent amount of calories.  
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Figure 4. Effects of diet on feeding behavior. Daily food intake (g) [Figure 4 A, B], caloric intake (kcal) 

[Figure 4 C, D] and FER [g of weight gained (g)/kcal consumed (kcal)] [Figure 4 E, F] were calculated 

for each experimental week. Data were compared using repeated measures – two-way ANOVA-

Mixed effect model followed by Sidak’s multiple comparison post-hoc test. 

3.4. Lipid Metabolism 

Development of hyperlipidemia was serially monitored using the non-fasting blood 

triglycerides and cholesterol levels determined by a multiparameter diagnostic device, as previously 

described in literature [25, 26 
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]]. 

In clinical field, there is evidence that non-fasting lipid profile could be�er predict cardiovascular 

risk than fasting levels [79,80]. Similarly, atherosclerotic plaques development in Apoe−/− mice 

showed a significant correlation with non-fasting glucose and triglycerides, but not with fasting 

cholesterol and triglycerides levels [81]. Overall, ANOVA did not show a significant main effect of 

dietary intervention on non-fasting total cholesterol (mg/dl) in male mice, [F (1, 13) = 2.095; p=0.1715], 

even though a significant effect of age [F (1, 13) = 11.28; p=0.0051] and a significant interaction between 

age and diets [F (1, 13) = 10.67, p=0.0061] were observed. Notably, non-fasting basal total cholesterol 

levels were not significantly different between male groups, but a significant increase of blood 

cholesterol was observed after 8 weeks of WD (Sidak’s test p>0.05) [Figure 5 A]. A significant 

interaction between age and diets [F (1, 13) = 10.67, p=0.0061] was observed also on non-fasting 

triglycerides [F (1, 13) = 74.00; p<0.0001] [Figure 5 C]. Male WD group had significantly higher non-

fasting triglycerides (mg/dl) at 8 weeks of age before starting the dietary intervention, whereas the 

trend was reversed at 16 week of age after 8 weeks of WD (Sidak’s test p>0.01). For that reason, 

changes in plasma triglycerides (mg/dl) from baseline were used for comparisons and a significant 

decrease of triglycerides was observed after 8 weeks of WD (Mann-Whitney test p=0.0003) [Figure 5 

E]. Similarly, ANOVA showed no significant main effect of dietary intervention on non-fasting total 

cholesterol (mg/dl) in female mice, [F (1, 14) = 2.429; p=0.1414], despite a significant effect of age [F (1, 

14) = 15.03; p=0.0017] and a significant interaction between age and diets [F (1, 14) = 25.66, p=0.0002] 

were observed [Figure 5 B]. Non-fasting basal total cholesterol levels were not significantly different 

between female groups, but blood cholesterol increased significantly after 8 weeks of WD (Sidak’s 

test p>0.001). Furthermore, a significant effect of dietary intervention [F (1, 14) = 29.23; p<0.0001] and 

a significant effect of age [F (1, 14) = 23.89; p=0.0002] on non-fasting triglycerides was highlighted in 

females. Female SD group had significantly higher non-fasting triglycerides (mg/dl) at 8 weeks of age 

before starting the dietary intervention, as well as at 16 week of age (Sidak’s test p<0.05) [Figure 5 D]. 

For that reason, changes in plasma triglycerides (mg/dl) from baseline were used for comparisons 

(Mann-Whitney test p>0.05) [Figure 5 F].  
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Figure 5. Effects of diet on lipid homeostasis. Non-fasting total cholesterol (mg/dl) [Figure 5 A, B] 

and non-fasting triglycerides (mg/dl) [Figure 5 C, D] at 8 and 16 weeks of age in male and female 

mice, respectively. Data were compared using repeated measures – two-way ANOVA-Mixed effect 

model followed by Sidak’s multiple comparison post-hoc test. Changes in non-fasting triglycerides 

from baseline (%) [Figure 5 E, F] were evaluated by Mann-Whitney test in male and female mice, 

respectively. 

Fasting total cholesterol was significantly higher in WD group of both sexes compared to SD-fed 

counterparts also at 24 weeks of age (Mann-Whitney test p=0.0143 and p=0.0002, respectively) [Figure 

6 A, B]. Conversely, at the same age, fasting triglycerides were significantly greater only in male WD 

group compared to SD-fed controls (Mann-Whitney test p=0.0370) [Figure 6 C, D]. 
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Figure 6. Effects of diet on lipid homeostasis. Fasting total cholesterol (mg/dl) [Figure 6 A, B] and 

fasting triglycerides (mg/dl) [Figure 6 C, D] at 24 weeks of age in male and female mice, respectively. 

Data were compared using Mann-Whitney test between sex-matched groups. 

In summary, after 8 weeks of WD, non-fasting total cholesterol increased significantly in both 

female and male mice, while triglycerides showed an unexpected reduction. This finding has been 

described in other studies on C57Bl/6J mice fed a high fat-high cholesterol diet [10,82]. The hypothesis 

was that this specific dietetic regimen might result in reduced synthesis and/or increased clearance 

of triglycerides or decreased hepatic VLDL secretion/increased absorption of triglycerides from 

adipose tissue due to the acute increase in insulin [10]. Furthermore, it has been described that the 

expression of lipoprotein lipase can be induced in the liver of adult mice with high dietary cholesterol, 

lowering plasma triglycerides levels [83]. In addition, these results could be interpreted considering 

that sex- and age- related differences in serum biochemical parameters have been described in the 

SD-fed C57BL/6J mouse strain [32] and that variable results have been reported depending on the age 

of mice and to the vending source of mouse substrain [84,85].  

3.5. Glucose Homeostasis 
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Glucose homeostasis is regulated through a fine balance between its synthesis and catabolism, 

involving hepatic gluconeogenesis and insulin levels. Sexual dimorphism regarding glucose 

homeostasis has been described in the C57BL/6J mouse strain, although few studies have evaluated 

the metabolic effects of WD in female mice [1]. No significant changes over time in non-fasting blood 

glucose (mg/dl) were observed between sex- matched SD- and WD-fed groups [ANOVA, effect of 

diet intervention, males: F (1, 13) = 0.002305, p=0.9624 - females: F (1, 14) = 1.499, p=0.2411; effect of 

age, males: F (1, 13) = 0.8042, p=0.3861 - females: F (1, 14) = 0.0003461, p=0.9854; interaction between 

age and diets, males: F (1, 13) = 0.001694, p=0.9678 - females: F (1, 14) = 0.01696, p=0.8982] [Figure 7 A, 

B]. Only two males in WD-fed group showed mild hyperglycemia after 8 weeks of WD (specifically, 

non-fasting blood glucose values of 250 and 253 mg/dl). Measuring fasting glucose and insulin is a 

simple approach to detect alterations in glucose metabolism, and the HOMA index is a useful 

indicator of relative insulin resistance. At 24 weeks of age, fasting blood glucose was significantly 

higher in WD group of both sexes compared to SD-fed counterparts (Mann-Whitney test, males: 

p=0.0002 and females: p=0.0030) [Figure 7 C, D]. Furthermore, the male WD group showed a 

significantly higher fasting insulin value (ng/ml) and a significantly lower HOMA-percent sensitivity 

(HOMA S, %) (Mann-Whitney test p=0.0012 and p=0.0043, respectively) [Figure 7 E, G]. A trend 

toward impaired β-cell function (HOMA B, %) and insulin resistance (HOMA IR) was highlighted in 

male WD group, although there was no statistically significant difference compared to SD-fed males 

[Figure 7 I, M]. In contrast, the SD-fed and WD-fed female groups showed no significant differences 

in fasting insulin values, although a trend toward higher values of fasting insulin and insulin 

resistance was observable in WD-fed mice [Figure 7 F, N], as well as a lower insulin sensitivity and 

β-cell function [Figure 7 H, L].  
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Figure 7. Effects of diet on glucose homeostasis and insulin sensitivity. Non-fasting glucose (mg/dl) 

[Figure 7 A, B] at 8 and 16 weeks of age in male and female mice, respectively. Data were compared 

using repeated measures – two-way ANOVA-Mixed effect model followed by Sidak’s multiple 

comparison post-hoc test. Fasting glucose (mg/dl) [Figure 7 C, D], fasting insulin (ng/ml) [Figure 7 E, 

F], HOMA S (%) [Figure 7 G, H], HOMA B (%) [Figure 7 I, L] and HOMA IR [Figure 7 M, N] indexes 

at 24 weeks of age in male and female mice. Data were compared using Mann-Whitney test between 

sex-matched groups. 

3.6. Liver and Kidneys Function 

AST and ALT are widely used to investigate liver injury in humans and rodents. ALT is a more 

specific biomarker of hepatic alterations like steatosis, due to its greater concentration in the liver 

compared with other tissues, while AST has the highest concentration in the heart followed by the 

liver, skeletal muscles, kidneys, brain, and pancreas [86].  

The male WD group showed higher ALT (U/L) and AST (U/L) values compared to SD- fed 

counterpart, reaching statistical significance for AST (Mann-Whitney test p=0.002) [Figure 8 A, C]. A 

similar trend was observed between SD-fed and WD-fed female groups for AST. Conversely, female 

WD group showed significantly lower ALT values compared to sex-matched controls (Mann-

Whitney test p=0.0134) [Figure 8 B, D]. However, liver enzymes were in the normal range reported in 

literature for both SD-fed and WD-fed mice [85,87]. Interestingly, BUN (mg/dl) was significantly 

higher in SD groups of both sexes (Mann-Whitney test, males: p=0.0003 and females: p=0.0001) 

[Figure 8 E, F], although yet in the reference range for healthy mice. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 July 2024                   doi:10.20944/preprints202407.0987.v1

https://doi.org/10.20944/preprints202407.0987.v1


 21 

 

 

Figure 8. Effects of diet on liver and kidney function. ALT (U/L) and AST (U/L) values [Figure 8 A-D] 

and BUN (mg/dl) [Figure 8 E-F] at 24 weeks of age in male and female mice. Data were compared 

using Mann-Whitney test between sex-matched groups. 

BUN represent the final product of the hepatic detoxification of ammonia and could be useful to 

investigate liver function. BUN may decrease when conversion of ammonia to urea by the liver is 

impaired by parenchymal liver disease. However, low serum BUN is not specific for liver disease and 

is also seen in subjects consuming low-protein diet [88]. Low-protein content for a laboratory mouse 

diet is ≥14% [89]. Moreover, qualitative changes in body composition related to metabolic syndrome, 

characterized by augmented visceral fat and muscle mass reduction, are gained a�ention as a risk 

factor for hepatic steatosis and was found related to decreased BUN value [90]. 

3.7. Ultrasound Imaging 
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All animals showed normal sinus rhythm on ECG and, based on the visual wall motion assessed, 

no evident myocardial contraction abnormalities of the left ventricle were captured on the B-mode 

movie frames acquired in the long and short axis views.  

Descriptive statistics (mean ± SD) for echocardiographic morphometric and functional 

parameters over time are reported in Table 1. ANOVA for repeated measures was used to evaluate 

the differences between the sex-matched diet-groups concerning the significant echocardiographic 

parameters. Since ANOVA post-hoc test revealed that some baseline echocardiographic normalised 

measurements at 8 weeks of age were statistically different between the sex-matched groups (Sidak 

test p>0.05), the magnitude of changes from baseline was used correctly in these cases for 

comparisons. In male mice, ANOVA showed overall no significant differences in the magnitude of 

IVS/LVAW; d changes between SD- and WD-fed mice, while IVS/LVAW; s variations over time 

showed a significative interaction between age and diets [F (1, 13) = 8.393, p=0.0125], although the 

post-hoc test showed no statistical differences between SD- and WD-fed male mice at 16 and 24 weeks 

of age. Age had significant effects on both LVID; d and LVID; s equally on SD- and WD-fed mice 

[ANOVA, single main effect of age: F (1.877, 24.40) = 72.23 and F (1.925, 25.02) = 28.27 respectively; 

p<0.0001]. LVPW; d values were significantly lower in WD-fed males at 16 and 24 weeks compared 

to SD-fed counterpart [ANOVA, effect of diet intervention: F (1, 13) = 15.61, p=0.0017; effect of age: F 

(1.585, 20.61) = 4.283, p=0.0354; interaction between age and diets: F (2, 26) = 0.06788, p=0.9345; Sidak 

test p=0.0213 and p=0.0137 at 16 and 24 weeks of age, respectively]. In addition, diet and age had a 

significant effect on LVPW; s, with a tendency similar to the diastolic parameter [ANOVA, effect of 

diet intervention: F (1, 13) = 6.011, p=0.0291; effect of age: F (1.946, 25.30) = 5.476, p=0.0111; interaction 

between age and diets: F (2, 26) = 0.1252, p=0.8829]. Global systolic function parameters EF and FS 

showed no statistical differences between SD- and WD-fed male groups, as well as LV mass corrected. 

HR was monitored and generally maintained at 400–500 beats per minute (bpm), occasionally 

dropping <400 in one male at 16 weeks of age (Sidak test p=0.0268), otherwise showing no significant 

differences between groups of male mice. Diastolic and systolic LV volume, as well as SV and CO, 

showed significant changes overtime, but without statistical differences between different diets 

[ANOVA, single main effect of age: F (1.907, 24.80) = 13.58, p<0.0001; F (1.875, 24.37) = 3.589, p=0.0456; 

F (1.899, 24.69) = 10.66, p=0.0005; and F (1.682, 21.86) = 11.39, p=0.0007 respectively]. Although the 

post-hoc test showed no statistical differences between SD- and WD-fed male mice at any time point, 

RWT was significantly affected by age and diet, with an higher tendency for SD-male mice [ANOVA, 

effect of diet intervention: F (1, 13) = 10.35, p=0.0067; effect of age: F (1.833, 23.83) = 11,38, p=0.0005; 

interaction between age and diets: F (2, 26) = 0.02768, p=0.9727; Sidak test p>0.05]. In female mice, 

ANOVA showed overall no significant differences in the magnitude of IVS/LVAW; d changes and in 

IVS/LVAW; s. Similarly to male mice, age had significant effects on both LVID; d and LVID; s 

regardless of diet [ANOVA, single main effect of age: F (1.497, 20.96) = 84.36 and F (1.623, 22.73) = 

58.19 respectively; p<0.0001]. In contrast to males, diastolic and systolic LVPW showed no significant 

differences over time and between SD- and WD-fed groups. As with males, EF, FS, and LV mass-

corrected showed no statistical differences between SD- and WD-fed female groups. Although female 

mice showed an overall HR between 400 - 500 beats bpm, this value dropped to 300 - 400 bpm in 50 

% of WD-fed females. Nevertheless, ANOVA showed no significant differences in the magnitude of 

HR changes overtime between SD- and WD-fed mice, instead revealing a slight relative increase in 

this parameter with age [ANOVA, single main effect of age: F (1, 14) = 4.819 p=0.0455]. SV and CO 

showed significant changes with age as well as a significant interaction between age and diets, 

showing a lower trend in females fed WD compared to counterpart fed SD; in particular, a significant 

main effect of diet for CO was highlighted [ANOVA, effect of diet intervention, SV: F (1, 14) = 0.08110, 

p=0.7800 - CO: F (1, 14) = 6.523, p<0.0229; effect of age, SV: F (1.422, 19.91) = 12,17, p=0.0010 - CO: F 

(1.405, 19.67) = 7.852, p=0.0063; interaction between age and diets, SV: F (2, 28) = 9.257, p=0.0008 - CO: 

F (2, 28) = 5.614, p=0.0089; Sidak test CO 16 weeks of age, p=0.0074]. Finally, the magnitude of RWT 

changes in female mice was significantly affected by age and the interaction between age and diets, 

with a higher trend for WD-fed mice [ANOVA, effect of diet intervention: F (1, 14) = 3.780, p=0,0723; 
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effect of age: F (1, 14) = 6.749, p=0.0211; interaction between age and diets: F (1, 14) = 4.618, p=0.0496; 

Sidak test 16 weeks of age, p=0.0175]. 

Table 1. Descriptive statistics (mean ± SD) for male and female WT mice - Echocardiographic 

morphometric and functional analysis over the time in experimental groups: effects of WTD on 

cardiac remodeling and left ventricular (LV) contractility indexes overtime (8, 16 and 24 weeks of 

age). Abbreviations: d= diastole; s= systole; IVS/LVAW: interventricular septum/left ventricle 

anterior wall; LVPW: left ventricle posterior wall; LVID: left ventricle internal diameter; LV mass= 

left ventricle mass; LV vol= left ventricle volume; LV SV= left stroke volume; LV CO= left ventricle 

cardiac output; EF= left ventricle ejection fraction; FS= left ventricle fractional shortening; RWT= 

relative wall thickness. IVS/LVAW, LVID, LVPW are normalized for BW1/3; LV mass, LV vol, SV, CO 

are normalized for BW. Inferential statistical tests are described above in the text. 
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Qualitative ultrasound examination of liver at baseline showed no altered echogenicity and 

echostructure in all mice. Visual inspection highlighted that at 24 weeks of age, 14% of SD-fed male 

mice showed a slightly diffuse increase in liver echogenicity/heterogeneity of echotexture and, in all 

mice, liver was less echogenic than the renal cortex. Conversely, WD-fed male mice showed a 

diffusely increased echogenicity (12,5%), a discretely (16,6%) or extensively coarsened and 

heterogeneous parenchyma (12,5%), whose brightness was higher to the right renal cortex in some 

mice (25%). At the same age, all SD-fed female mouse showed no obvious ultrasonographic 

alterations of the liver, while WD-fed female mice showed a diffusely increased parenchymal 

echogenicity (62,5%) or discretely coarsened and heterogeneous parenchyma (37,5%), as well as liver 

brightness nearly equal to the right renal cortex in some mice (25%) [Table 2, Figure 9, 10]. 

Table 2. US visual grading for male and female SD- vs WD-fed mice: effects of diet intervention on 

liver echostructure and echogenicity in sex- and age-matched SD- vs WD-fed mice overtime (8, 16 

and 24 weeks of age). 

US findings/Time of experiment SD ♂ mice  WD ♂ mice  

  8 weeks 

(n=7) 

16 

weeks 

(n=7) 

24 

weeks 

(n=7) 

8 weeks 

(n=8) 

16 

weeks 

(n=8) 

24 

weeks 

(n=8) 

Homogeneous liver 

parenchyma of medium level 

echogenicity  

7 7 6 8 0 0 

Diffusely increased 

parenchymal echogenicity  

0 0 1 0 8 1 
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Discrete coarsened and 

heterogeneous parenchyma  

0 0 0 0 0 6 

Extensive coarsened and 

heterogeneous parenchyma  

0 0 0 0 0 1 

L-Echo<R-Echo 7 7 7 8 7 1 

L-Echo=R-Echo 0 0 0 0 1 5 

L-Echo>R-Echo 0 0 0 0 0 2 

Presence of Ascites 0 0 0 0 0 0 

  SD ♀ mice  WD ♀ mice  

  8 weeks 

(n=8) 

16 

weeks 

(n=8) 

24 

weeks 

(n=8) 

8 weeks 

(n=8) 

16 

weeks 

(n=8) 

24 

weeks 

(n=8) 

Homogeneous liver 

parenchyma of medium level 

echogenicity (pattern 1) 

8 8 8 8 0 0 

Diffusely increased 

parenchymal echogenicity 

(pattern 2) 

0 0 0 0 8 5 

Discrete coarsened and 

heterogeneous parenchyma 

(pattern 3) 

0 0 0 0 0 3 

Extensive coarsened and 

heterogeneous parenchyma 

(pattern 4) 

0 0 0 0 0 0 

L-Echo<R-Echo 8 8 8 8 7 2 

L-Echo=R-Echo 0 0 0 0 1 6 

L-Echo>R-Echo 0 0 0 0 0 0 

Presence of Ascites  0 0 0 0 0 0 
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Figure 9. Representative ultrasound images and correlation with histology of C57Bl/6J mice fed a 

standard diet. PANEL (A) example of normal rodent liver/kidney echogenicity ratio in a 24-weeks-

old male mouse, with less echogenic hepatic parenchyma than the right renal cortex, comparable to 

that observed at 8 and 16 weeks of age (upper row, left); homogenous hepatic parenchymal 

echogenicity, regular liver surface, sharp margins, distinct visualization of the portal vein vessels, 

with finely coarsened echotexture (upper row, right). Histological evaluation of the same hepatic 

parenchyma in US images showing hepatocytes with a pale cytoplasm and hepatocytes with more 

eosinophilic cytoplasm (H&E); PAS staining confirmed physiologic cytoplasmic glycogen collections. 

PANEL (B) example of normal, liver/kidney echogenicity ratio, constant over time in a 24-weeks-

old female mouse (upper row, left); homogenous liver parenchymal echogenicity and echostructure, 

regular hepatic surface, sharp margins, distinct visualization of the portal vein vessels (upper row, 

right). Histological evaluation of the same liver parenchyma in US images showing homogenous 

distribution of hepatocytes with eosinophilic cytoplasm (H&E); PAS staining highlights the presence 

of diffuse physiologic cytoplasmic glycogen (lower row, right). Scale bar 50 µm. 
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Orange arrows: intestinal loops with mucous or gaseous pa�ern, associated with shadow effects; 

PV: portal vein; CCv: caudal vena cava; AbAo: abdominal aorta. 

 
Figure 10. Representative ultrasound images and correlation with histology of C57Bl/6J mice fed a 

western diet. 

PANEL (A) example of mild steatosis in a 24-week-old male mouse, with liver parenchyma even 

less echogenic than the right renal cortex (score 0), but diffusely increased parenchymal echogenicity 

and slightly rounded lobe edges (score 2) compared to those observed at 8 weeks of age. H&E 
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histological evaluation of the same liver parenchyma showed "patches" of round-shaped hepatocytes 

with pale, reticulated cytoplasm, of normal size or enlarged some of which corresponded to 

physiological deposits of glycogen in the cytoplasm (PAS), otherwise identified as lipids (Oil-Red-O 

staining, data not shown). Scale bar 50 µm. 

PANEL (B) example of severe steatosis in a 24-week-old male mouse, showing a marked increase 

of echogenicity, reduced visibility of portal vessels, enlarged volume of the liver extending caudally 

to the costal arch, rounded margins (red do�ed line), coarse and heterogeneous parenchymal 

echostructure (score 4); caudate hepatic lobe echogenicity was greater than the right renal cortex 

echogenicity (score 2) compared to those observed at 8 weeks of age. H&E histological of the same 

liver parenchyma showed diffuse fa�y liver, with large lipid droplets (black arrowheads), swollen 

hepatocytes containing small lipid droplets (microvesicular steatosis, green arrows). PAS staining 

confirmed the presence of lipid accumulation showing large white areas. Scale bar 50µm.   

PANEL (C) example of moderate steatosis in a 24-week-old female mouse, displaying discrete 

coarse and heterogeneous parenchymal echogenicity (score 3) and hepatic echogenicity equal to the 

renal cortex (score 1) compared to those observed at 8 weeks of age. H&E histological of the same 

liver parenchyma showed diffuse microvesicular steatosis (green arrows) evolving into large lipid 

droplets (black arrowheads). PAS staining confirmed the presence of hepatocytes with microvesicular 

steatosis (white areas) and with glycogen deposits (pink areas). Scale bar 50µm. 

Orange arrows: stomach; orange arrowheads: intestinal loops with mucous or gaseous pa�ern, 

associated with shadow effects; blue arrows: acoustic shadowing by the ribs. 

In multiparametric analysis, all ultrasound measures analyzed at baseline before the start of the 

dietary intervention were not statistically different between the sex-matched groups (Sidak’s test 

p>0.05). In male mice, mean echogenicity of liver parenchyma did not showed significative changes 

over time and between the different diets, while in female mice overall a significative effect of age on 

this index has been observed [ANOVA, effect of diet intervention, males: F (1, 13) = 0.07539, p=0.4010 

- females: F (1, 14) = 0.2933, p=0.5966; effect of age, males: F (1.715, 22.30) = 2.124, p=0.1483 - females: 

F (1.490, 20.86) = 4.0, p=0.0316; interaction between age and diets, males: F (2, 26) = 0.9775, p=0.3897 - 

females: F (2, 28) = 1.998, p=0.1545]. Ultrasound images can be processed by calculating the ratio 

between the average gray-level intensities of a ROI traced in the liver parenchyma and another in a 

reference anatomical structure like renal cortex or a vessel lumen, which is assumed to have a 

constant average brightness over time, generating operator-independent sonographic indexes to 

evaluate the texture alterations of the liver. In male mice, HR ratio did not show significative changes 

over time and between the different diets, while in WD-fed female group a progressive increase of 

this index has been observed from 16 to 24 weeks of age compared to SD-fed female group. 

Nevertheless, a similar trend has been observed in the WD-fed male group in comparison to the SD-

fed counterpart at the same time points [ANOVA, effect of diet intervention, males: F (1, 13) = 0.05244, 

p=0.4818 - females: F (1, 14) = 29.76, p<0.0001; effect of age, males: F (1.866, 24.26) = 1.022, p=0.3701 - 

females: F (1.649, 23.09) = 6.939, p=0.0065; interaction between age and diets, males: F (2, 26) = 0.3281, 

p=0.0536 - females: F (2, 28) = 0.3446, p=0.0459; Sidak’s test, females: 16 weeks,  p=0.0005; 24 weeks,  

p=0.0033] [Figure 11]. 
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Figure 11. Standardized Ultrasound Hepatic/Renal Ratio, representative ultrasound parametric 

imaging for longitudinal assessment of fa�y liver progression: (A) 8-weeks-old C57Bl/6J male mouse, 

baseline examination prior to Western type diet initiation: normal liver/kidney ratio in rodents, with 

hepatic parenchyma less echogenic than the right renal cortex (HR= 0,79); (B) the same mouse shows 

hepatic echogenicity equal to the renal cortex at 16 weeks of age (HR= 1,01) and (C) increased liver 

echogenicity compared to right renal cortex at 24 weeks of age (HR= 1,25). The graphic representation 

of region of interest (ROI) circles show the gray scale distribution [signal brightness intensity 

expressed in Arbitrary Units (Au, blue bar=mean value; green bars= standard deviation)] of the pixels 

in the selected liver, right kidney cortex. 

Comparable results were obtained about HPV ratio [ANOVA, effect of diet intervention, males: 

F (1, 13) = 0.1735, p=0.2105 - females: F (1, 13) = 12.50, p<0.0037; effect of age, males: F (1.445, 18.79) = 

3.290, p=0.0727 - females: F (1.576, 20.48) = 9,767, p=0.0019; interaction between age and diets, males: 

F (2, 26) = 0.05281, p=0.09487 - females: F (2, 26) = 2.537, p=0.0985].  

As representation of local variation in tissue echogenicity, heterogeneity of right median liver 

lobe did not showed significative effects of diet and age in mice of both sexes, although interaction 

between diet intervention and age was significative in females at 24 weeks of age [ANOVA, effect of 

diet intervention, males: F (1, 13) = 0.7151, p=0.4130 - females: F (1, 14) = 0.01106, p=0.9177; effect of 

age, males: F (F (1.554, 20.21) = 0.4260, p=0.6090 - females: F (1.754, 24.56) = 3.012, p=0.0735; interaction 

between age and diets, males: F (2, 26) = 0.6800, p=0.5154 - females: F (2, 28) = 4.434, p=0.0212; 24 

weeks Sidak’s test p=0.0258]. Anisotropy, as measure of regional variation in tissue brightness among 

different lobes, showed significative changes between the different diets in mice of both sexes, with 

WD-fed mice showing a trend towards higher values compared to SD-fed mice of the same age and 

sex [ANOVA, effect of diet intervention, males: F (1, 13) = 6.430, p=0.0249 - females: F (1, 14) = 7.899, 

p=0.0139; effect of age, males: F (1.920, 24.95) = 2.258, p=0.1272 - females: F (1.535, 21.49) = 0.2147, 

p=0.7502; interaction between age and diets, males: F (2, 26) = 0.9083, p=0.4156 - females: F (2, 28) = 

0.3328, p=0.7197] [Figure 12]. 
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Figure 12. Effects of diet on liver echogenicity. US measures of tissue brightness intensity [Figure 12 

A-F] and tissue brightness variance [Figure 12 G-L]. Data were compared using repeated measures 

two-way ANOVA-Mixed effect model followed by Sidak’s multiple comparison post-hoc test between 

sex-matched groups. 

Finally, the pa�ern of temporal changes in PV diameter differed between SD- and WD-fed male 

mice, although this value was not statistically different at any time point in both sex-matched 

comparisons [ANOVA, effect of diet intervention, males: F (1, 13) = 0.004345, p=0.9484 - females: F (1, 

14) = 1.074, p=0.3175; effect of age, males: F (1.965, 25.54) = 8.409, p=0.0016 - females: F (1.542, 21,58) = 

3.617, p=0.0544; interaction between age and diets, males: F (2, 26) = 3.894, p=0.0332 - females: F (2, 

28) = 0.1340, p=0.8752] [Figure 13].  

 

Figure 13. Effects of diet on liver kidney vessels. US measures of portal vein diameter. Data were compared using 

repeated measures two-way ANOVA-Mixed effect model followed by Sidak’s multiple comparison post-hoc 

test. 

Over time, all animals showed a normal ultrasound appearance of the right kidney, 

characterized by the thin, bright line of the renal capsule, a regular and defined renal cortical margin, 

the medulla in the medial portion of the kidney darker than the surrounding cortex, and the pelvis 

almost entirely occupied by the papilla [56]. Although WD-fed mice showed slightly lower 

normalized cortical thickness values, no significant differences were found in CRT/BW between sex-

matched groups fed different diets (Mann-Whitney test, p>0.05). However, unlike males, ANOVA 

showed a significant increase in renal cortex echogenicity from baseline in WD-fed female mice 

compared to SD-fed ones [ANOVA, effect of diet intervention: F (1, 14) = 8.796, p=0.0102; effect of age: 

F (1, 14) = 0.03374, p=0.8569; interaction between age and diets: F (1, 14) = 0.001743, p=0.9673]. 

At 24 weeks of age, PI and RI were not statistically different between SD- and WD-fed male mice, 

whereas in WD-fed female mice these values were significantly lower than SD-fed counterpart 

(Mann-Whitney test, p>0.05 and ≤0.01, respectively) and compared to the reference range. This 

finding could be likely related to the lower trend for SV and CO found in WD-fed female compared 

to SD-fed ones [Figure 14]. The correlation of renal RI with systemic circulation parameters has been 

well demonstrated, highlighting the complex interplay between systemic and renal circulation, and 

making this parameter an indicator of subclinical hemodynamic alterations as well as a marker for 

kidney disease [57].  
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Figure 14. PANEL (A): Representative ultrasound image of kidney performed using B mode for 

measurement of intrarenal flow from a male C57Bl/6J fed a Western type diet. Color Doppler overlay 

was used to locate the intrarenal arteries. Pulse-wave Doppler mode shows the typical peak systolic 

velocity (PSV) and the end diastolic velocity (EDV) in renal arteries. PANEL (B): Morphofunctional 

analysis of diet effects on kidney. CRT/BW at 24 weeks of age and changes in tissue brightness 

intensity over time were measured. PI and RI were calculated from the spectral data. Data were 

compared using repeated measures two-way ANOVA-Mixed effect model followed by Sidak’s 

multiple comparison post-hoc test or Mann-Whitney test between sex-matched groups. PANEL (C): 

representative histological images of kidney in 24-weeks-old female mice (PAS, 400×, scale bar 20µm), 

showing a normal glomerulus in SD-fed group (left) and altered glomerulus in WD-fed group (right). 

3.7. Histological Examination 

The pathological grades of fa�y liver disease in each mouse were determined by the NAFLD 

preclinical scoring system as reported in material and methods section. Histological samples were 

scored for macrovesicular and microvesicular steatosis, hypertrophy and inflammation. Briefly, in 

microvesicular steatosis small, clearly defined lipid droplets are widespread in the cytoplasm of 

hepatocytes, whereas large lipid droplets that occupy almost the entire cytoplasm of hepatocytes 

characterize macrovesicular steatosis. Lipid droplets appear optically empty in H&E and PAS-stained 

sections and progressively displace cells nuclei marginally. Hypertrophic hepatocytes have the same 

cytoplasmic characteristics but appear much larger than surrounding ones. In Table 3, the total score 

assigned for the most relevant histological features in murine liver samples is listed by grading 

category and the number of subjects per score is shown. 

Table 3. Histological characteristics of murine liver samples per score grading category. 

 Histological features scoring system 

SAF 

score 

grading: 

percenta

ge of the 

total area 

affected   

NAFLD score grading: percentage of the total 

area affected  

Fibrosis score grading: 

qualitative/semiquantitative 

visual evaluation  

0 1 2 0 1 2 3 4 5 6 7 8 9 abse

nt 

mil

d 

moder

ate 

seve

re 

SD 

♂ 

mic

e 

(n=

7) 

2 4 1 7 0  0 0 0 0 0 0 0 0 7 0 0 0 

W

D ♂ 

mic

e 

(n=

8) 

0 0 8 3 1 1 3 0 0 0 0 0 0 4 4 0 0 
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SD 

♀ 

mic

e 

(n=

8) 

0 8 0 8 0   

0 

 0 0 0 0 0 0 0 8 0 0 0 

W

D ♀ 

mic

e 

(n=

8) 

0 0 8 1 2 2 3 0 0 0 0 0 0 6 2 0 0 

In H&E-stained liver sections from 24-weeks-old mice fed SD of either sex, hepatocytes showed 

a normal appearance with abundant cytoplasm and centrally located round nuclei. The PAS staining 

revealed glycogen rich areas, allowing the differential diagnosis of physiological glycogen 

accumulation in mouse liver from borderline pathological foam cells [91].  

In WD-fed female mice, 37.5% of subjects showed the lowest grade of macrovesicular hepatic 

steatosis, while 75% displayed the lowest grade of microvesicular hepatic steatosis and/or 

hypertrophic hepatocytes encompassing the entire grading window. Mild liver inflammation was 

observed in one (12.5%) and mild fibrosis in two (25%) WD-fed female mice. Three WD-fed male mice 

(37.5%) showed histological features of borderline “ballooning” lesions, characterized by "patches" 

of hepatocytes with round shape and pale, reticulated cytoplasm, with normal or enlarged size, as 

confirmed by comparison of serial sections stained with H&E, PAS and Oil-Red-O techniques (data 

not shown). Macrovesicular hepatic steatosis at the lowest grade was observed in 62.5 % of WD-fed 

male mice, in almost all cases (50%) associated with microvesicular hepatic steatosis in a mixed 

pa�ern. No hypertrophic hepatocytes and inflammation were observed, while mild fibrosis was 

found in the liver of 50% of WD-fed male.  

A moderate positive linear correlation was found in male WD mice between US visual grading 

and NAFLD histological score (Pearson r=0.6379; p= 0.0444), HR index (Pearson r=0.6604; p= 0.0373) 

and mean liver echogenicity (Pearson r=0.7214; p= 0.0217). 

Examination of renal histological specimens revealed no tubulointerstitial lesions in mice of 

either sex fed different diets. However, we observed Bowman's space narrowing in glomeruli from 

WD-fed mice compared to age- and sex-matched SD-fed mice. Table 4 displays the qualitative, semi-

quantitative grading of structural renal changes with respect to the proportion of glomeruli affected. 

Notably, according to the renal score grading used, a different pa�ern of frequency distribution 

between sexes was observed under WD: score 0: males, 14.28%- females, 0%; score 1: males, 42.85%- 

females, 85.71%; score 2: males, 48.85%- females, 14.28%. 

Table 4. Histological characteristics of murine kidney samples per score grading category. * missing 

data. 

 Histological features scoring system 

Renal score grading: 

percentage of the 

glomeruli altered   

Bowman’s capsule and space score grading: percentage of the glomeruli 

with narrowed/collapsed Bowman’s space  

0  

(<30%

) 

1  

(30-

70%) 

2 

(>70%

) 

0 % 1-5% 6-10% 11-15% 19-20% 21-25% 26-30% 31-40% 41-50% 51-60% 61-70% >70% 
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SD ♂ mice 

(n=7) 

7 0 0 1 3 2 1 0 0 0 0 0 0 0 0 

WD ♂ mice 

(n=7)* 

1 3 3 0 0 0 0 0 1 0 2 1 0 0 3 

SD ♀ mice 

(n=8) 

8 0 0 1 2 1 4 0 0 0 0 0 3 0 0 

WD ♀ mice 

(n=7)* 

0 6 1 0 0 0 0 0 0 0 1 1 3 1 1 

Comparable histological features, with progressive collapse of Bowman’s space, have been 

described early in patients with diabetic nephropathy, leading to glomerulosclerosis in advanced 

stages of disease [92], and in rodent models fed high fat diet [93–95].  

4. Discussion 

The Western-style diet, which includes energy-dense and palatable processed foods with high 

fat and sucrose content, can contribute to overweight and, associated with large portions and reduced 

physical activity, often leads to metabolic damage of the heart, liver and kidneys.  

WD-fed C57Bl/6J mice represent a valuable experimental model to study the onset of diet-

induced metabolic abnormalities according to sex and age, mimicking the metabolic syndrome in 

humans, thus providing a contribution to the development of preventive measures and set-up of 

management strategies in biomedical research. 

The characterization of mouse models of metabolic diseases takes advantage of careful planning 

of procedures and protocols, based on the specific experimental context, and a combination of 

different techniques to collect information on morphological, functional, biochemical and histological 

alterations.  

In this study, we demonstrated that HFUS represents a useful complementary tool for in vivo 

phenotyping of cardiovascular, hepatic and renal changes in such animal models. HFUS technology 

is increasingly recognized as a relevant translational tool in pre-clinical studies, as it can add useful 

morphofunctional and quantitative information about disease progression. Furthermore, 

longitudinal assessment can be performed in each subject non-invasively, thus contributing to further 

refinement and sample size reduction in animal studies. 

In agreement with literature, our multimodality approach showed some degree of sex-specific 

differences in C57Bl/6J DIO murine model fed with WD, with a more evident overweight phenotype 

in males. 

As expected, WD-fed mice of both sexes showed greater changes in BW gain than SD-fed mice.  

At 24 weeks of age, mean BW of WD-fed mice increased approximately by 30% compared to SD-

fed mice, and a significant interaction between age and diets was observed during experiment 

(p<0.0001). Furthermore, WD-fed males and females showed differences in body composition and fat 

distribution, as evidenced by the clinical overweight score observed only in 24-weeks age males 

(p<0.05), in agreement with an evident greater amount of subcutaneous and visceral adipose tissue 

and a paler liver seen at necropsy of male mice. Nevertheless, both WD-fed males and females 

showed hepatomegaly, as evidenced by the significant difference in liver to body weight ratio 

compared to sex-matched SD-fed mice (p<0.05).  

These findings are concordant with well-known sex-specific disparities in obesity susceptibility 

of the C57Bl/6J mouse strain, likely linked to differences in sex hormone-related regulation of 

metabolic homeostasis [96]. Our finding are in agreement with a recent study using quantitative 

imaging DEXA on C57Bl/6J mice fed with high fat/carbohydrate diet. Authors found a significant 

decrease in lean mass and a significant increase in fat mass in both sexes compared to control mice, 

although the increase of the fat mass was significantly higher in males than in females [96].   

During the first half of the high fat/sucrose diet regimen, WD-fed mice showed significantly 

higher food intake than SD-fed ones of the same sex, thereafter WD-fed mice ate significantly less. 
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The higher caloric density of the WD in the hyperphagic phase is likely responsible for the 

greater rate of weight gain of the WD-fed groups, which reach isocaloric intake with the sex matched 

SD-fed groups in the last experimental weeks. 

Interestingly, WD-fed male mice showed significantly higher FER not only in experimental 

weeks when calorie intake was higher, but also in later phases, when calorie intake was lower or 

approximately comparable to that of the SD-fed males.  

Otherwise, female mice fed WD showed an overall trend towards higher caloric intake and FER 

than those fed SD and an overall significant interaction between age and diet. 

These results suggest changes in energy balance related to diet composition that varies according 

to sex. Like in humans, sexual hormones could likely explain differences in body composition and 

changes in FER over time between males and females, although the overall feeding pa�ern was 

comparable in males and females undergoing WD.  

Furthermore, sex-differences in loco-motor activity and energy expenditure, as well as in 

neurological signalling pathways that regulate food intake in response to diet composition have been 

described [96]. 

In addition to the sex-specific differences in the pa�ern of BW and food intake changes, the 

complex interaction between the impact of WD and age in both sexes has been highlighted for other 

clinical outcomes.  

The C57BL/6J is widely used as mouse strain to generate wild type and genetically modified 

murine models of obesity and metabolic disease, but li�le data on reference values for clinical 

biochemistry are available. Indeed, blood biochemical parameters, such as glucose, triglycerides and 

cholesterol are relevant for monitoring the metabolic state and diseases in preclinical research. In our 

study, non-fasting total cholesterol increased significantly in earlier experimental phases in both 

sexes as a response to WD, while non-fasting triglycerides changed differently between male and 

female mice. After 8 weeks of WD, non-fasting triglycerides decreased by 133.24% compared to 

baseline in male WD group, whereas male SD group had an increase of 37.05% of this blood 

parameter. Otherwise, both female SD and WD groups showed a non-statistically different decrease 

of this value in early response to WD, ranging from 22.17 to 36.96 % of basal reference, respectively. 

At 24 weeks of age, fasting triglycerides were significantly higher only in male WD group compared 

to SD-fed controls. As described previously, our data are in line with some literature, describing an 

inverse relationship between cholesterol intake and plasma triglycerides levels [10,82,83]. However, 

in this regards, some reports provide variable results, probably due to differences in the mice 

strain/substrain and suppliers used, to the range of ages analyzed or to diet duration, as well as to 

the composition of food [32,84,85]. Importantly, in agreement with a previous study [1], WD-fed mice 

demonstrated changes in glucose homeostasis and insulin sensitivity (elevations of postprandial and 

fasting glycaemia, fasting insulinemia, higher HOMA-IR index, lower HOMA-%S index). Notably, at 

24 weeks of age, only WD-fed males showed significantly higher insulin and lower HOMA-%S index 

than SD-fed males. Furthermore, WD-fed mice showed a trend toward higher values of ALT, as well 

as significantly higher AST values and lower BUN values compared to SD-fed mice of the same sex, 

which could likely reflect the involvement of diverse organs in diet-related metabolic changes, 

including heart, liver and kidney, as detailed above [85–90]. 

The reference values for the C57BL/6J mouse of both sexes reported here could contribute to 

support researchers for interpreting the biochemical data of mouse mutants and corresponding wild-

type controls based on the substrain examined. 

Hyperlipidemia is responsible of lipid overload in various organs, especially heart and 

endothelium of blood vessels, liver and kidney, leading to lipotoxicity and tissue damage. 

In the present study, the effects of WD on left ventricular structure and function were assessed 

using echocardiography in both male and female adult C57Bl/6J mice.      WD-fed mice showed a 

mild cardiac remodeling, with a different pa�ern according to sex. Notably, in WD-fed male mice, 

LVPW; d values were significantly lower at 16 and 24 weeks compared to SD-fed counterpart (p<0.05), 

and diet significantly influenced the pa�ern of RWT values according by age (p<0.01), with a lower 
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trend for WD-male mice. Systolic function was preserved in both males and females feeding WD (EF 

and FS showed no statistical differences compared to sex-matched SD-fed groups). 

Differently, a significant interaction between diet and age was highlighted in WD-fed female 

mice for SV and CO, showing a lower trend compared to SD-fed females.  

HR was not different between sex-matched SD- and WD-fed mice at any time point. 

Overall, our results appear in line with those of previous studies. Consumption of WD, with a 

marked content of both fat and refined sugar, appears to contribute to early metabolic alterations in 

myocardium, quite distinct from chronic conditions of diabetic cardiomyopathy or heart hypertrophy 

induced primarily by fat overload [97]. Such alterations could be very interesting from a translational 

point of view, possibly resembling more closely those that occur in humans consuming unbalanced 

Western-style diets in association to metabolic syndrome [98]. Overall, our results are indicative of 

early stages of cardiac remodeling, likely toward concentric hypertrophy in females and eccentric 

hypertrophy in males, with preserved ejection fraction [98,99]. Nevertheless, WD-fed female mice 

showed reduced SV and CO compared to SD-fed counterpart, suggesting incipient progression to 

deterioration of systolic function [100]. 

A previous study showed that in C57Bl/6J male mice feeding a WD for 24 weeks, diastolic 

dysfunction was detectable by echocardiography after 16 weeks of diet duration, followed by signs 

of systolic dysfunction starting from 20 and 24 weeks of diet [97]. 

Another recent report describes, in the same animal model fed WD for 7 months, a distinct 

cardiac remodeling phenotype characterized by reduction of EF and SV associated with alterations 

of cardiac metabolism, due to an anomalous accumulation of lipids both in the endothelium and in 

the myocardium [101]. Considering this evidence, a strength of our study is that it included both 

sexes in the echocardiographic analysis, but a limitation was that diastolic function and strain analysis 

of left ventricle were not performed. 

In general, ultrasound images of livers showed a progressive increase in echogenicity over time 

upon visual assessment in WD-fed mice, while control mice maintained a lower level of brightness 

during the experimental period. In addition, WD-fed mice showed changes toward parenchymal 

heterogeneity like a grainier texture at 16 and/or 24 weeks of age, as well as the brightness of liver 

parenchyma became comparable up to exceeding that of the right renal cortex at the intermediate or 

final experimental time point. As highlighted previously [9], the presence of renal fibrosis was 

excluded at histological examination to correctly apply such approach (data not shown). 

Overall, these findings were likely related to greater sca�ering and reflection of the ultrasound 

waves by the hepatic tissue, mainly due to intracellular lipids accumulation, as confirmed by 

histology. Although mean liver echogenicity showed no significant changes over time between 

different age- and sex-matched diet groups, the HR ratio showed a trend toward greater values in 

WD-fed male mice, reaching significance in WD-fed female mice compared to SD-fed counterparts. 

Moreover, the quantitative measures of tissue heterogeneity, in particular the variance in tissue 

echogenicity among different lobes, were significantly higher in WD-fed mice compared to SD-fed 

mice of the same age and sex, further suggesting variable severity of disease throughout the liver 

lobes, as confirmed by histology. 

In general, the absence of significant differences for some hepatic measurements obtained with 

HFUS between the matched groups could be related to technical limits of specificity and sensitivity 

in the case of fat accumulation in the liver was quite mild [10]. Furthermore, the heterogeneity of 

phenotypes induced in C57Bl/6J mouse substrain feeding high fat dietary regimens, related to 

variability in individual response, might result in statistically non-significant results [102,103]. On the 

other hand, the applied quality scoring system allowed to find significant differences between 

matched groups subjected to different dietary regimes, confirmed by the concordant trend/statistical 

significance of some quantitative HFUS indices, as well as by histological examination and the 

correlation among the scores assigned by the two techniques in male WD mice (p<0.05). 

Furthermore, the quantitative and qualitative parameters used in our study were derived from 

various preclinical and clinical studies, but an ultrasonographic multiparametric analysis system for 

hepatic steatosis has not been yet standardized in mice [7,9,46,47,49,50]. Therefore, the absence of 
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significance for some quantitative ultrasound characteristics could also be related to interspecies 

differences, suggesting the need for further investigations to implement more specific diagnostic 

approaches dedicated to murine species. 

For HFUS evaluation of kidney after chronic exposure to WD, the anatomical structures of 

interest have been visualized in B mode, and the interlobar arteries have been identified by color 

Doppler mode, recording the blood flow parameters through a spectral signal. In this way, HFUS 

allows both morphological and functional imaging of the kidney in real time and non-invasively, 

including the assessment of renal cortex thinning and decreased differentiation of corticomedullary 

junction.  

In our study, PI and RI were significantly reduced in WD-fed female mice compared to SD-fed 

ones. 

In literature, a significant correlation was described between PI and RI with glomerular filtration 

rate and serum creatinine, suggesting they complementary use to biochemical parameters. Moreover, 

PI and RI were found to be very sensitive to identify early stages of chronic kidney disease, for 

example in case of obesity and diabetes [60]. Usually, increased RI suggests impaired renal function, 

especially when associated to histopathologic markers, but overall, several studies showed that RI 

could indicate pathologies other than those specific to the kidney [104,106]. The complex interplay of 

different factors such as high fat/carbohydrate diet overconsumption, overweight, impaired glucose 

tolerance, dyslipidemia, fa�y liver disease and aging could contribute to a metabolic 

cardiomyopathy, characterized by impaired diastolic relaxation with preserved ejection fraction, 

which in turn could induce a reduction in the LV early diastolic filling [106]. In this regard, due to the 

limitations of the available equipment/technical issues, the evaluation of diastolic function was not 

carried out by echocardiography and serum creatinine was not determined in WD-fed mice, even if 

this serum parameter resulted within normal ranges in mice of both sexes fed SD (data not shown), 

encouraging future research that addresses these gaps.  

Based on these evidences, HFUS might improve early detection of subclinical morpho-functional 

alterations of the examined organs. The emerging pathological paradigm of WD-induced hepato-

cardio-renal syndrome has been studied in rodent models, suggesting an involvement of unbalanced 

activation of renin-angiotensin aldosterone system, inflammation and oxidative stress in the 

development of hepatic steatosis, cardiac remodeling and renal alterations after a long-term high fat 

diet [107,108] driving early tubulointerstitial fibrosis [109]. In particular, female mice fed a WD for 16 

weeks showed an enhanced activation of cardiovascular endothelial cell-specific mineralocorticoid 

receptor signaling compared to males, associated with macro- and micro-vascular stiffening early 

occurring at the endothelium level before that perivascular and myocardial interstitial fibrosis 

became evident [109]. The development of renal alterations after consumption of a WD leading to an 

increase in body weight have been observed particularly in women, but the pathogenetic mechanisms 

involved are poorly understood, and in this perspective sexual dimorphism in mouse models could 

help to provide new information [109]. Furthermore, it has been reported that ultrasound evaluation 

of the kidney, including cortical echogenicity, would be�er identify renal dysfunction [52]. 

Morphological parameters of kidney measured by ultrasonography should be appropriately adapted 

to body size, as suggested in human and animal models [110,111]. 

In our preclinical research, ultrasonographic and histopathological indexes can be considered 

complementary. Histology provided ultrastructural details on parenchymal diseases, while HFUS 

was very useful for investigating cardiac morphology and ventricular contractility, to provide 

qualitative description of organs surface and internal architecture, and to estimate quantitative 

parameters related to echogenicity and echostructure of biological tissues, as well as on the diameter 

and blood flow velocity in the vessels. 

Although the results presented here may be specific to the C57BL/6J strain, which was chosen 

because it is the most commonly used reference strain in diabetes and obesity research [35], they 

highlight the need to include both sexes in future metabolic studies. Further investigation to elucidate 

the underlying peripheral mechanisms driving these metabolic differences between males and 
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females will allow for the development of be�er preventative and treatment strategies for people 

suffering from weight issues and associated complications. 

Overall, our findings showed that HFUS is a useful tool to complement conventional methods 

of studying DIO research models for more comprehensive evaluation, providing also sex-specific 

reference values in healthy C57BL/6J mice fed SD and age-matched mice fed WD.  
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